We have measured circularly polarized photoluminescence in monolayer MoSe 2 under perpendicular magnetic fields up to 10 T. At low doping densities, the neutral and charged excitons shift linearly with field strength at a rate of ∓0.12 meV=T for emission arising, respectively, from the K and K 0 valleys. The opposite sign for emission from different valleys demonstrates lifting of the valley degeneracy. The magnitude of the Zeeman shift agrees with predicted magnetic moments for carriers in the conduction and valence bands. The relative intensity of neutral and charged exciton emission is modified by the magnetic field, reflecting the creation of field-induced valley polarization. At high doping levels, the Zeeman shift of the charged exciton increases to ∓0.18 meV=T. This enhancement is attributed to many-body effects on the binding energy of the charged excitons. DOI: 10.1103/PhysRevLett.113.266804 PACS numbers: 73.22.-f, 73.20.Mf, 75.70.Ak, 78.20.Ls The band structure of monolayer MoSe 2 features two inequivalent valleys at K and K 0 points in the Brillouin zone. The broken inversion symmetry of the monolayer allows this valley degree of freedom to be selectively accessed by optical helicity, providing a unique platform to probe and manipulate the charge carriers in the two valleys [1] [2] [3] [4] [5] [6] [7] [8] . Since the valleys are linked by time-reversal symmetry, they are energetically degenerate, while the magnetic moments of the corresponding valley states are of the same magnitude, but have opposite signs [1, 9, 10] . Coupling to the valley magnetic moments by a magnetic field thus provides an attractive method of breaking the valley degeneracy [11, 12] , which has not yet been explored experimentally [13] . This presents new opportunities for the study of the fundamental physical properties of the valley electronic states, as well as for the development of new approaches to valleytronic control.
The band structure of monolayer MoSe 2 features two inequivalent valleys at K and K 0 points in the Brillouin zone. The broken inversion symmetry of the monolayer allows this valley degree of freedom to be selectively accessed by optical helicity, providing a unique platform to probe and manipulate the charge carriers in the two valleys [1] [2] [3] [4] [5] [6] [7] [8] . Since the valleys are linked by time-reversal symmetry, they are energetically degenerate, while the magnetic moments of the corresponding valley states are of the same magnitude, but have opposite signs [1, 9, 10] . Coupling to the valley magnetic moments by a magnetic field thus provides an attractive method of breaking the valley degeneracy [11, 12] , which has not yet been explored experimentally [13] . This presents new opportunities for the study of the fundamental physical properties of the valley electronic states, as well as for the development of new approaches to valleytronic control.
In this work, we experimentally investigate the ability of a perpendicular magnetic field to tune the valley energies in monolayer MoSe 2 by valley-resolved magnetophotoluminescence (magneto-PL) spectroscopy. Lifting of the valley degeneracy is demonstrated through the opposite energy shifts induced in the excitonic transitions in the two valleys by the magnetic field. The magnitude of this Zeeman shift, 0.12 meV=T, agrees with the predicted magnetic moments of the valley states. In the presence of a magnetic field, with split K and K 0 valleys, we create a valley polarization, i.e., an imbalance in the charge distribution in the two valleys, by doping the sample. This equilibrium valley polarization may be contrasted to the transient valley polarization that has been produced by resonant optical pumping of the system with circular polarized light [2] [3] [4] . This behavior is revealed by the variation of the relative emission intensity of the charged and neutral excitons.
Further, by comparing the direction of the energy shift of the conduction band and the relative intensity of the negatively charged exciton, we are able to clarify the valley configuration of these bright trion states. Finally, the dopingdependent trion Zeeman shift reveals a modification of the many-body binding energy induced by valley polarization.
MoSe 2 monolayers were prepared by mechanical exfoliation of bulk crystals on SiO 2 ð300 nmÞ=Si substrates. Ti/Au contacts to the monolayer were fabricated using electronbeam lithography. With these electrical contacts, we could control the charge density of the sample by gating with respect to the Si substrate. The PL measurements were performed using excitation by a continuous-wave laser with a photon energy of 2.33 eV. The pump radiation was focused by an objective to a spot size of 3 μm on the sample, with a power of ∼100 μW. The reflected PL signal was collected by the same objective and then filtered by a circular polarizer composed of a broadband quarter-wave plate and a linear polarizer. The circularly polarized PL light was measured by a spectrometer equipped with a liquid-nitrogen cooled CCD detector. The PL measurements were carried out at a temperature of 10 K under a perpendicular magnetic field ranging from −10 T to þ10 T. In our experimental configuration, photoluminescence is induced by pump photons at energies significantly above the A exciton emission energy (2.33 eV versus 1.66 eV). Consequently, we expect the pump radiation to produce population in both valleys [2] . Our measurement of valley selective spectra is, however, achieved by analyzing the circular polarization state of the emitted photons in the PL spectra, not by control of the excitation process.
In Figs. 1(a) and 1(b), we present the magnetic field dependence of the PL spectrum for the right (σ þ ) and left (σ − ) circularly polarized photons in the low-doping regime, where the spin angular momentum of σ þ photon is oriented in the positive magnetic field direction. We see prominent and wellseparated features from emission of neutral (X 0 ) and charged (X − ) excitons [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . The X − peak lies ∼30 meV below the X 0 peak, with the energy difference reflecting the trion binding energy. The emission energies of the neutral and charged excitons shift monotonically with magnetic field. The sign of the shift is reversed for photons of opposite circular polarization. Since the emitted photons with σ þ and σ − polarization states correspond to optical transitions from the different valleys [2] [3] [4] , the fact that they shift in opposite directions is clear evidence that the K=K 0 valley degeneracy has been lifted, i.e., that valley splitting has been produced. The valley splitting is a direct consequence of the opposite magnetic moments associated with the bands in the two valleys, governed by the time-reversal relation of the unperturbed valleys [5] .
We extract the transition energy of the neutral exciton emission by fitting each spectral peak to a Lorentzian line shape. The resulting variation of the X 0 energy with the magnetic field is plotted in Figs. 1(c) and 1(d). While the neutral exciton peak can be fit very well to a symmetric Lorentzian peak, the trion emission displays a slight asymmetry, which may be related to impurity and/or to phonon-coupling effects. This asymmetry does not, however, have any significant dependence on the magnetic field strength and thus has a negligible effect on the extracted shift of the peak. Using a linear fit, we obtain a rate of the Zeeman shift for the neutral exciton of −0.12 and þ0.12 meV=T for the K and K 0 valleys, respectively. The experimental uncertainty of the extracted Zeeman slope is AE0.01 meV=T based on multiple measurements of the same sample.
To analyze the measured Zeeman shifts, let us recall the relevant band structure of MoSe 2 near the K=K 0 points. Both the conduction and valence bands, which have extrema at the K=K 0 points, are split by spin-orbit interactions [32] [33] [34] . For MoSe 2 the highest valence band and the lowest conduction band are predicted to have the same spin and to give rise to the observed bright exciton state. The other spin-split bands, separated by ∼30 and ∼200 meV, respectively, from the conduction and valence bands are not accessed in our PL measurements, which are conducted at liquid-helium temperature and at modest levels of sample doping. Since the relevant conduction and valence bands are well described by a quadratic dispersion at the K and K 0 points [33] , we analyze the magneto-optic response in a two-band effective mass framework throughout this Letter. The significant excitonic effects are considered through the introduction of binding energies for these states [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] .
Within this framework, we now consider the influence of an applied magnetic field B. The energy of the neutral exciton E X0 is given by the band gap, reduced by the exciton binding energy:
and E v represent the energies of the conduction and valence band extrema, and E b X0 denotes the binding energy of the neutral exciton. Under an applied magnetic field, the exciton binding energies can acquire a diamagnetic shift, which is quadratic in the B field [35, 36] . Based on the observed linear variation of the transition energy with B, we infer, however, that this term is small. Hence, we conclude that the observed PL shift for the neutral exciton is simply due to the linear Zeeman response of the relevant conduction and valence band edges:
where μ c and μ v are the total magnetic moments of the conduction and valence bands.
We can then compare our experimental Zeeman shifts with the magnetic moments predicted on the basis of a twoband tight-binding description of the electronic states near the K and K 0 valleys [1, 9, 10] . In this model, the total magnetic moment of a charge carrier arises from contributions of the atomic orbital (μ l ), carrier spin (μ s ), and the delocalized Bloch wave function (μ k ), which we denote as the wavefunction contribution. In the K valley, the contributions to the magnetic moments of the bands are μ [1] . For the K valley, we have accordingly a predicted Zeeman shift of the neutral exciton energy that depends only on magnetic moments of the Mo orbital angular momentum, namely, ðΔE X0 =ΔBÞ ¼ μ v − μ c ¼ −2μ B ¼ −0.116 meV=T. The rather precise agreement between this value and our experimental finding of −0.12 meV=T is fortuitous: The slightly larger hole mass obtained within a three-band tight binding model would, for example, contribute ∼0.02 meV=T to the predicted Zeeman shift [33] . The sign change of the Zeeman shift for the K 0 valley observed experimentally is, however, a robust theoretical prediction [10] . Now we turn our focus to the trion emission. In the lowdoping regime, our experiment yields Zeeman shifts for the negative trion of −0.12 and þ0.12 meV=T for the K and K 0 valleys, respectively [Figs. 1(c) and 1(d)]. Within experimental uncertainty, these values are the same as those found for neutral excitons. The trion emission energy can be expressed as
where E b X− denotes the binding energy of a trion, i.e., the energy needed to dissociate it into a neutral exciton and a free electron [18, 37] . The identical Zeeman slopes for X 0 and X − emission are a consequence of the weak influence of the magnetic field on E b X0 and E b X− at low doping levels.
Considering the B-field-induced splitting of the K and K 0 valley energies together with the finite electron doping of the sample, we expect the creation of an imbalance in the charge distribution in the two valleys, i.e., of static valley polarization. The presence of valley polarization is, in fact, clearly reflected in the relative intensities of the PL spectra of Fig. 1(a) . Since we detect valley-specific emission through the polarization selection, the relative PL intensity of charged and neutral excitons, I X− =I X0 , provides information about the presence of charge carriers within a given valley (see Supplemental Material [38] for a plot of I X− =I X0 ). To understand this phenomenon in more detail, let us consider the possible valley configurations of the trion species. A negative trion species contributing to emission in the K valley consists of an electron and hole in the K valley, together with an additional electron that could be located either in the K or K 0 valley. Because of the correlation between electron spin and valley, these nominally degenerate states have different electron spin configurations [5, 33] , the intravalley trion corresponding to identical electron spins and the intervalley trion corresponding to opposite electron spins. Exchange interactions then lead to energy differences between these two valley configurations of the trion [32] .
To determine whether one of the two possible valley configurations for the trion is favored over the other, let us examine trion emission from the K valley (σ þ ). According to the magnetic moments in the two-band model [1] , a positive magnetic field induces an upshift of the K valley conduction band with respect to the K 0 valley conduction band [Figs. 2(c) and 2(d)]. As a result, in thermal equilibrium, more electrons populate the conduction band in the K 0 valley than the K valley. This produces enhanced trion emission for the case of intervalley trions. For the case of intravalley trions, the situation is exactly reversed, and the K valley trion emission will be reduced.
Experimentally, we see that I X− =I X0 for the K valley increases with magnetic field [ Fig. 1(a) ]. We conclude that the trion emission originates predominantly from intervalley trions. This finding is compatible with recent theoretical prediction that the intervalley trion is ∼6 meV more stable than the intravalley trion due to exchange interactions [32] . The intensity of the circularly polarized trion emission thus not only provides a direct signature of the creation of valley polarization, but also provides important information about the valley character of the trion species itself.
We have also studied the Zeeman effect in the regime of high carrier doping. Through electrostatic gating, we increase the charge density in the sample by ∼2.7 × 10 12 cm −2 , estimated from the gate capacitance and the applied voltage. Considering an electron band mass of 0.5m 0 [33] , this density of electrons would cause the Fermi energy E f to lie 11 meV above the conduction band minimum. Note that in this regime, the finite (10 K) sample temperature can be neglected. The corresponding dependence on magnetic field of the circularly-polarized PL spectra is shown in Figs. 3(a) and 3(b) . In this high-doping regime, the neutral exciton peak is very weak, and we only analyze shifts in the trion emission energy. We again find a linear Zeeman shift for the trion, with opposite behavior in the two valleys. However, the rate of the trion Zeeman shift at high doping is ∓0.18 meV=T for the K and K 0 valleys, respectively, compared with ∓0.12 meV=T for the same quantity in the regime of low charge density.
We now consider the mechanism leading to the observed 50% increase in the Zeeman shift of the trion in the highdoping regime compared to the low-doping regime. We attribute the changed behavior to the influence of the magnetic field on the trion binding energy E b X− . When the Fermi level is raised above the conduction band edge, E b X− acquires a term due to a state-filling effect, in which additional energy is required to move the extra bound electron from the conduction band edge back to the Fermi level when the trion is dissociated, i.e., [18, 37] . Figures 2(e) and 2(f) illustrate the Zeeman shifts of the bands, as well as the initial and final states of the trion emission process in the high-doping regime. The conduction band splitting results in charge transfer from one valley to the other, leading to a difference in the amount of charge in the two valleys, i.e., to the creation of a valley polarization. This effect will be appreciable when the chemical potential lies within the conduction band, as for the case of the doped sample. Quantitatively, we estimate the valley polarization by considering the total magnetic moment for the conduction bands obtained above with a conduction band mass of 0.5m 0 [33] . We obtain a valley polarization of Δn ≈ ð4 × 10 10 cm −2 =TÞB for an applied magnetic field of strength B. Despite the valley charge transfer process, the Fermi energy, we note, remains unchanged since the density of states in the two valleys is equal. We also note that in the low-doping regime, we are able to use the ratio of charged exciton to neutral exciton emission to infer the degree of valley polarization. As discussed in the Supplemental Material [38] , we estimate in this fashion for lightly (unintentionally) doped samples a valley polarization of half of the amount deduced above.
The Zeeman shift of the trion emission at high doping can be analyzed quantitatively based on the band alignments shown in the Figs. 2(e) and 2(f) and the variation of the binding energy for the (intervalley) trions with doping in the K 0 valley described above. We find that the conduction-band contribution to the trion Zeeman shift cancels out, leaving only the valence-band contribution:
Within the two-band model, we then expect a Zeeman slope for the trion emission in the K valley of [33] as before, we obtain a Zeeman slope of −0.29 meV=T. This model captures both the sign of the trion shift and the larger magnitude in the trion shift compared to the low-doping case, although it does not provide quantitative agreement with the measured value of −0.18 meV=T. The difference between the experiment and model presumably reflects the influence of the field-induced intervalley charge transfer on many-body corrections to the trion transition energy beyond the trion binding energy considered above.
In summary, through measurements of circularly polarized photoluminescence from neutral and charged excitons in MoSe 2 , we have demonstrated how a perpendicular magnetic field lifts the K=K 0 valley degeneracy and also creates a valley polarization in doped samples. We have identified the intervalley configuration as the lower energy state for the All information is as in Fig. 1 , except only the negative trion feature is observable, and no data are available for the neutral exciton.
trion and have discussed the importance of many-body corrections in the observed variation in the trion emission energy with doping. The controlled lifting of the valley degeneracy by a magnetic field and corresponding creation of a steady-state valley polarization open up exciting opportunities to probe and utilize the valley degree of freedom in monolayer transition metal dichalcogenides. By tuning the valley transition energies, it should, for example, be possible to create optically excited states with intervalley quantum beats, as well as steady-state valley selective currents.
